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IMPROVEMENT IN ACCURACIES OF
ASTROMETRIC MEASUREMENTS
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International Celestial Reference Syste
(ICRS)

4 Origin - barycentric of the solar system via modeling of VLBI
observations in the Frame of General Relativity

4+ Pole - direction defined by conventional IAU models for
precession (Lieske et.al. 1977) and nutation (Seidelmann 1982)

4+ Origin of right ascension - fix to 3C273 (Hazard et.al 1971)FK5
value transferred to J2000

4+ Pole and righ ascensmn origin fixed relative to extragalactic radio
sources to + 20 }/as (use Hipparcos for FKS positions and state of
art precession and nutation models)

J2000 epoch -12"TT on Janl, 2000
IAU 23 General Assembly, August 1997



International Celestial Reference
Frame System (ICRS)

4+ Fiducial Points along with
4+ X Band Position of 212 sources (Ma et.al. 1998)

J2000

4+ Use Explanatory Supplement > 50 /as
4+ Use McCarthy 1996 for < 50 %as

2000 IAU - New precession and nutation and
other astronomical constyapmts



The 212 ICRF Defining Sources
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Structure Contribution to Measured Interferometric Delay

Top: Radio Emission at 3.6 cm Wavelength (Jy; mas)
Bottom: Structure Induced Bandwidth Synthesis Delay (ps; u,v)
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Number of Sources

Structure Classification of ICRF Sources
compact 1 2 3 4 extended

164 Defining Sources 145 Candidate Sources 79 Other Sources
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The Radio Reference Frame Image Database hup:/fmaia.usno.navy.mil/rorf/rrfid.html

U.S. Naval Observatory Earth Orientation Department

The Radio Reference Frame Image Database
(RRFID)

e VLBA Images -- “snapshot' images made using the National Radio
Astronomy Observatory (NRAQO) Very Long Baseline Array (VLBA)
telescope. Images using the VLBA together with several geodetic antennas
are also available for some sources. These "VLBA+' images provide
enhanced uv-plane coverage and up to twice the resolution of the VLBA
alone. Available items include contour plots and visibility plots in
PostScript format. Images and/or visibility data can also be obtained in
FITS format upon request.

e Geodetic VLBI Images -- “snapshot' images made using geodetic and/or
astrometric Very Long Baseline Interferometry ( VLLBI) observations.
Available items include contour plots in PostScript format.

The data presented here are the result of an ongoing program to image the Radio Reference Frame sources
on a regular basis. Our goal 1s to establish a database of images of all of the Radio Reference Frame sources
at the same wavelengths as those used for precise astrometry (13cm and 4e¢m). These data will allow us
primarily to monitor sources for variability or structural changes so they can be evaluated for continued
suttability as Radio Reference Frame objects. Further information concerning these data can be found in the
following publications:

o "VLBA Observations of Radio Reference Frame Sources. 1.."
Astrophysical Journal Supplement Series, August 1996 issue (Vol. 105, No. 2, Pages 299-330).
o "VLBA Observations of Radio Reference Frame Sources. 1. Astrometric Suitability Based on
Observed Structure,”
Astrophysical Journal Supplement Series, July 1997 issue (Vol. 111, No. 1, Pages 95-142).

If you make use of these data in any publication, please refer to the citation instructions.

VLA and VLBI images of many of these sources may also be obtained from the Pearson-Readhead and
Caltech-Jodrell Surveys. See also the VLBA Calibrator Survey and the VLBA 2cm Survey.

Last modified: Wed Jan 14 14:26:38 EST 1998
Send comments on this page to afey@ alf.usno.navy.mil.

| of | 8/10/99 12:52 PM
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Avrailable items include PostScript format contour plots of Radio Reference Frame source i
images at frequencies of 2 GHz, 8 GHz, and 15 GHz. Plots of visibility data in PostScript . {‘
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The Image Database contains
2223 images of 426 sources,
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Hipparcos Catalog

+ 118,217 stars distributed globally

4+ Typical precession in position, parallax,
and proper

motion 1.5 mas

4+ density ~ 2.7v¢/sq.deg.

+ Epoch 1991.25
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ICRF/Hipparcos Link
Offset + (0.6 mas Epoch

rotation  + (.25 mas/yr 1991.25

Dominated by 13 radio stars via VLBI.

Four dominant stars

Star Pos. P.M. Par
mas mas/yr

Algol 0.61 0.18 0.59

HR1099 0.48 0.31 0.47

\ *CrB 0.29 0.05 0.10

ARLac 0.94 0.19 0.73

Present offset 1998.8 > Smas
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T Tau N

Optical (Hipparcos) - Radio Positions at the Epoch of
the Radio Measureiments

JEP A RA A Dec
mas nmas
33.7084 K 3
86.2546 16 4
38.8282 +2 ' 6
39.0910 +0 +0
92.8830 +6 +0
95.5305 3] 5

Differences at central VLA epochs
A RA =1.07+ - 4.54 mas
A Dec=-1.16+-4.43 mas

Proper Motions
(mas)
LLCY - ud
Radio 12.33 £ 1.00 -13.28 + 0.86
Optical (Hipparcos) 15.45+1.88 -12.48 + 1.62
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Position of Radio Star HR 5110
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Limitations

4+ Reference sources
-2 structure
=2 motions

4+ Instrumental
->baseline geometry
2> thermal

4+ Environment
-2 ground
-2 space
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Future Accuracy
4+ Optical: 4-10 nas

FAME S50 vas 2,000,000
SIM 4 uas 4,000 source
GAIA 10 as

4+ Radio: 10-15 nas
Eliminate source structure effects.

Future space array
+1R: 10 mas?

+ Xray: ?
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http://www.usno.navy.mil/fame




Full-sky Astrometric Ma

4+ Small satellite to perform an all sky, astrometric
survey with unprecedented accuracy

= Upgrades existing star catalogs by providing a precision
catalog of 4x107 Stars

= Provides positions of all bright stars (5<m_<9) to <50uas
= Provides positions of fainter stars (9<m <15) to <500uas

2.5 year mission allows for accurate measurement of stellar
parallax and proper motions

= Photometric data in four Sloan DSS bands (g', r',i', z'")



Full-sky Astrometric Mapping Explorer

= Vleasure the positions, parallaxes, and four-color
magnitudes of 40 million stars brighter than 15% visual
magnitude

= Measure with 10% error or better the absolute
trigonometric parallaxes of stars brighter than 9 visual
magnitude within 2 kpc of the Sun

= Vleasure the positions, trigonometric parallaxes, and proper
motions of all stars out to 15" visual magnitude with
accuracies of:

50 pas at 9" visual magnitude
500 pas at 15 visual magnitude



FAME Coverage of the Milky Wa

FAME will calibrate the luminosities
of stars for studies of stellar structure
and evolution

2 kpc - distance within which the FAME error i1s <10%

e Contains >198 Cepheids
» Contains >147 RR Lyrae stars
e ! gl FAMF will detect non-linear proper motions,

ik dmatmn bmary brown dwart, and giant
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(0.1 kpc - distancée within which the
Hipparcos erroris <10%

FAME will calibrate the absolute
FAME will study the kinematic properties of stars in the - luminosities of standard candle stars that are
galactic disk to determine the abundance of dark matter the foundation of the distance scale to other
in the galactic disk galaxies, including the Magellanic Clouds

FAME Science - FAME will map our quadrant of the galaxy out to 2 kpc from the Sun providing the information
needed to calibrate the standard candles that define the extragalactic distance scale, calibrate the absolute luminosities of
stars of all spectral types for studies of stellar structure and evolution, and detect orbital motions caused by brown
dwarts and giant planets. FAME will not only improve on the accuracies of star positions determined by Hipparcos but
also expand the volume of space for which accurate positions are known by a factor of 8,000.



FAME Coverage of the Milky-Wa
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ICRF

4 Present

-> Based on 212 extragalactic radio
sources
4+ Future

- Use common sources




Best Radio Astrometric Sources

(14)

© 17 <n <18 (14)
e m > 18 (34)
Visual Magnitude SIM Integration Time Ne. Scurces
per scurce (min)
14 < m < 15 1<t < 3 Eﬁr:'_
15 < m < 16 3 o« it 7 4 77
16 < m < 17 T <t « 17 8 13 ¢
17 < m < 18 17 < £ < 43 14, 1. .,
18 < m < 19 43 < t < 109 200 =
19 <« m < 20 109 < £ < 275 13
m > 20 & = 275 1
V4
2.9
b
13
Ll
A
| S
0 b M
. / J~
f:.rl f .l_



Full-sky Astrometric Mapping Explorer

4 One of five NASA Medium-Class Explorers (MIDEX)
selected for a concept study (just completed)

4 Two of these five missions will be selected for flight;
selection is scheduled for September

4+ Joint development effort of:

United States Naval Observatory

&%) Naval Research Laboratory

e vl
N

ﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂ "+ Lockheed Martin Missiles and Space

é:} Smithsonian Astrophysical Observatory



FAME Mission Description

4 The telescope has two fields- Telescope Fields of View
of-view separated by a 81.5° Rotation Axis ‘A\

4+ The spacecraft will rotate with ki
a 40 minute period with the o .ccomn " WBW

. : 45°
apertures sweeping out a great {¥—-" w

circle on the sky

basic angle A0 AL Ry " )

. e o Precession
4 The spacecraft rotation axis is Perio ( Scanned Strio .
at a 45° angle to the Sun -

4+ The solar radiation pressure

on the solar shield results in The FAME observing concept - The axis of the FAME
. spacecraft is pointed 45° from the Sun and precesses

preCESSlOH ab()ut the Sun- around the Sun with a 20 day period. The FAME

Spacecraft line With a 20 day spacecraft rotates with a 40 minute period. The two

) fields of view are normal to the rotation axis and are
per10d separated by a 81.5° degree basic angle.



FAME Instrument Description

4 Telescope produces images of
Stars using 24 large format
CCDs

= [mages of stars are continually
traversing CCD array as the
spacecraft rotates

Window

= CCDs use time delay integration

= Synchronization of CCD clock rate
ks and image motion is assured via
rotation rate sensors

Scan direction

= Star images are time tagged,
The FAME focal plane - 24 2k-4k CCDs arranged

around a 1.1° diameter ficld of view. Devices marked WindQWEdﬂ and transmitted to
with *P” are the 4 photometric CCDs and devices Earth.

marked with “A’ are the 20 astrometric CCDs. The 6

devices marked with ‘ND” have neutral density filters = 6 CCDs are covered by neutral
for astrometry of brighter stars. density filters for astmmetry of

bright stars



FAME Error Sources

CCD characteristics

read noise

dark current

non-linearity

charge transfer inefficiency
deterioration of CTE from radiation damage
variations in the CCD flatness
pixel-to-pixel gain variations

sub-pixel gain variations

wavelength dependent gain variations
CCD defects

CCD pixel registration errors

color dependent penetration of photons
recovery from saturation

CCD clock cross-talk

CTE behind bright stars

ADC errors



FAME Error Sources

(continued)

Instrument alignment
point-spread function (PSF)
PSF variations with position in field
misalignment of the CCD column with the rotation
variation of plate scale across field

Instrument stability

PSF variations with time
errors in CCD clock rate relative to rotation
error in determination of rotation rate
error in setting the clock speed

Variations in telescope structure
thermal
evaporation

Variation in basic angle



FAME Error Sources

(continued)

Photon statistics

Spacecraft
CCD/window contamination
aberration due to error in knowledge of S/C velocity

Stellar/External
saturation
stellar activity
stellar companions
incorrect stellar model
confusion
cosmic rays
scattered light



Fame Error Sources

4+ CCD characteristics
- Read noise, QE variation, etc.
4 Instrument alignment
- PSF variations
4 Instrument stability
- Thermal effects
4 Spacecraft
- Knowledge of spacecraft velocity
4+ Stellar/external
- Photon statistics



FAME Estimated Error
Budget Totals
Visual Magnitude ND Filter Gated Array

(my) Accuracy* (uas) Accuracy* (uas)
5 29 14

7 48 14
9 15 14
11 30 28
13 76 70
15 226 208

% . N E a
Assumes systematic error contribution is 10 pas
The FAME accuracy - The predicted accuracy of FAME as a function of visual magnitude (m_ ). The second
column shows the accuracy if neutral density filters over 3 of the astrometric CCDs are used for astrometry of
the brighter stars (baseline design). The third column shows the accuracy if the CCDs are only integrating
during part of the time when a bright star is traversing the device (alternate design).



FAME Technology Challenges

4+ Centroiding accuracy of CCD in time delay
integration to 1/700 pixel

4 Solar radiation attitude control without thrusters
4 Thermal stability of 1 mK for optical bench

4 Communications link to support data downlink of 400
kbps continuous

4 Microarcsecond astrometric data reduction to model
all effects including aberration, relativistic effects,
geodesic precession, and nutation



FAME Technolo

(continued)

Challenges

4+ Large number of large format CCDs in the radiation
environment at geosynchronous orbit

4 Data solution for 40,000,000 stars with 4000

observations each for position, parallax, proper
motion, and non-linear motions

4 Total astrometric errors at 15 microarcseconds before
photon statistics

4 Optimum readout, on board processing, storing,
tagging of data, transmission, and solutions



FAME Schedule

Phase A Concept Study February - June 1999
Phase B October 1999 - June 2000
Phase C July 2000 - March 2001
Phase D April 2001 - June 2003
Launch July 2003

Phase E July 2003 - January 2007

Possible DoD extended mission
January 2006 - July 2009



¢ FAME has been selected by NASA for a MIDEX
Phase A Concept Study (one of five missions selected).
In September 1999, NASA will select 2 MIDEX
missions for flight

4+ Recalibrates the extragalactic distance scale

4+ Determines absolute luminosities of a wide range of
spectral types

4+ Detects companion stars, brown dwarfs, and giant
planets

4+ Enables studies of the kinematics of our galaxy

4+ Defines an optical reference frame for future scientific
and military endeavors



